The Albany-Fraser Orogen of southwestern Australia is an understudied orogenic belt, which is interpreted to record the Mesoproterozoic suturing of the Yilgarn Craton of Western Australia to the Mawson Craton of East Antarctica during Rodinia assembly. Previous U-Pb geochronology has dated peak amphibolite to granulite-facies metamorphism in the orogen at ca 1180 Ma. Here, we report the first 40 Ar/ 39 Ar thermochronology of hornblende, biotite and muscovite grains from a 360 km transect across the western Albany-Fraser Orogen, and uncover a record of strikingly fast syn-orogenic cooling and exhumation.
a b s t r a c t
The Albany-Fraser Orogen of southwestern Australia is an understudied orogenic belt, which is interpreted to record the Mesoproterozoic suturing of the Yilgarn Craton of Western Australia to the Mawson Craton of East Antarctica during Rodinia assembly. Previous U-Pb geochronology has dated peak amphibolite to granulite-facies metamorphism in the orogen at ca 1180 Ma. Here, we report the first 40 Ar/ 39 Ar thermochronology of hornblende, biotite and muscovite grains from a 360 km transect across the western Albany-Fraser Orogen, and uncover a record of strikingly fast syn-orogenic cooling and exhumation.
To the north, muscovites from the Northern Foreland record cooling at ca 1159 Ma. In the central and southern domains of the orogen, the Biranup and Nornalup Zones, hornblende yields ca 1169 Ma cooling ages, and biotite yields ca 1172-1144 Ma cooling ages. The new cooling ages imply that the three domains were exhumed rapidly following peak metamorphism at ca 1180 Ma, attained a similar structural level by ca 1159 Ma, and have experienced a uniform exhumation history since that time. To constrain mineral closure temperatures and post-peak metamorphic cooling rates, we conducted a Monte Carlo simulation, which fully propagates uncertainty and minimises error correlations. Modelling of cooling from hornblende to biotite closure temperatures (ca 585
• C and 365
• C respectively) in the Nornalup and Biranup Zones yields fast cooling rates of 33 +17 −9
• C/Ma and 22
• C/Ma respectively. These fast cooling rates imply rapid exhumation in an active tectonic setting undergoing peak metamorphism. Although the structural evolution of the Albany-Fraser Orogen remains poorly constrained, the transpressional tectonic activity associated with deformation in the western part of the Albany-Fraser Orogen may have been an active driver of this fast exhumation. This is distinctly different from exhumation models for granulite-facies domains in other Mesoproterozoic orogens, which typically experience post-orogenic, slow 1-5
Introduction
Exhumation processes can be difficult to ascertain, especially in ancient orogenic belts. Thermochronology can be used to determine the distribution of cooling ages and rates across an orogen, providing an important tool in resolving orogenic exhumation histories. Orogenic cooling rates may be highly variable, and when taken in isolation are not diagnostic of a particular exhumation mechanism (Ring et al., 1999) . However, when integrated with other datasets such as structural and metamorphic histories, up to 150-350 • C/Ma in young, tectonically active orogens (e.g. Arnaud et al., 1993; Zeck et al., 1992) . Dunlap (2000) suggested that the difference in cooling rates reflects the decreasing preservation potential of the thermochronological record with age, as Proterozoic orogens are more vulnerable to isotopic resetting than Phanerozoic orogens. Additionally, the present-day surface exposures of many Proterozoic orogens consist of the deeply eroded orogenic cores, which were at deep crustal levels during orogeny and were not exhumed until well after the orogenic cycle was complete (Willigers et al., 2002) . Consequently, the Proterozoic thermochronological record is therefore biased towards slow, postorogenic cooling, rather than the faster, syn-orogenic processes recorded in the upper-crustal rocks typically exposed in Phanerozoic orogens (Willigers et al., 2002) .
The cooling records of global Mesoproterozoic orogens vary in their degree of preservation, as thermal histories are vulnerable to overprinting by later heating events. For example, both the Natal Metamorphic Province of South Africa and the Eastern Ghats Belt of India were active in the Mesoproterozoic assembly of Rodinia, but yield few data about post-orogenic cooling due to overprinting by ca 500 Ma Pan-African tectonism (Jacobs et al., 1997; Mezger and Cosca, 1999) . In contrast, records of cooling and exhumation from the Grenville Orogen of North America, its inferred counterpart in the South American Amazon Craton and the Sveconorwegian Orogen of Scandinavia have not been overprinted, and are comparatively well understood due to several thermochronological studies (e.g. Bingen et al., 1998 Bingen et al., , 2008 Busch et al., 1997; Cosca et al., 1998; Page et al., 1996; Rivers, 2008; Tohver et al., 2004) . Although less extensively studied, cooling histories have also been determined for the intracontinental Reynolds Range, Mt. Isa Province and Mount Woods Inlier in central and northern Australia (Forbes et al., 2012; McLaren et al., 1999; Spikings et al., 2002; Vry and Baker, 2006) .
In this article, we introduce the Albany-Fraser Orogen of Western Australia (Fig. 1) as an example of a Mesoproterozoic orogen that preserves a strikingly fast cooling history, that appears to defy the trend of decreasing cooling rate with increasing orogenic age. Although the tectonic setting of the Albany-Fraser Orogen is not well understood, it is thought to record the Mesoproterozoic suturing of the Yilgarn Craton to the combined Mawson and Gawler cratons during the assembly of Rodinia (Clark et al., 2000) . The orogen curves around the margin of the Yilgarn Craton, such that it strikes east-west in the western region, and strikes northeast-southwest in the northeastern region (Fig. 1) . The direction of convergence during orogeny is interpreted to be northwest-southeast, and consequently the western part of the orogen experienced a significant component of transpressive deformation, whereas the eastern part of the orogen was deformed in a more directly compressive stress regime (Bodorkos and Clark, 2004b) .
In this article, we report the first 40 Ar/ 39 Ar thermochronology from the western part of the Albany-Fraser Orogen. We use these results in combination with previously published data relating to the inferred bulk stress regime of collisional orogeny to constrain the post-peak metamorphic cooling and exhumation history of the orogen. The cooling of the western Albany-Fraser Orogen is shown to be much faster than that in other Mesoproterozoic orogens, and is interpreted to represent fast cooling in a transpressional setting.
Regional geology

Tectonic setting of the Albany-Fraser Orogen
The Albany-Fraser Orogen extends ca 1200 km along the southern and southeastern margins of the Yilgarn Craton of Western Australia (Fig. 1) . The orogen consists of mostly Paleo-to Mesoproterozoic rocks formed on or close to the margin of the Yilgarn Craton, which were subsequently deformed to high metamorphic grades during the late Mesoproterozoic Albany-Fraser Orogeny (Kirkland et al., 2011a; Spaggiari et al., 2011) . The tectonic setting of the Albany-Fraser Orogeny is not well constrained; however, it has been subdivided into two stages on the basis of U-Pb geochronology. Stage I (1350-1260 Ma) was originally interpreted as the product of collision between the Yilgarn and Mawson Cratons (Clark et al., 2000) . However, due to the lack of evidence for any magmatic arcs or exotic accreted terranes, Stage I has recently been suggested to have occurred in a continental rift or back-arc setting (Spaggiari et al., 2014) . Stage II (1210-1140 Ma) is generally attributed to 'intracontinental reactivation', although a more explicit cause for orogenesis in this initial model (e.g. far-field response to a distant collisional event) is never stated (Clark et al., 2000; Kirkland et al., 2011a; Spaggiari et al., 2014) . Both Stage I and Stage II involved a component of northwest-directed shortening, transpressive deformation at amphibolite to granulite facies conditions, and were associated with granitic magmatism (Bodorkos and Clark, 2004b; Clark et al., 2000; Myers, 1993; Kirkland et al., 2011a) .
The Albany-Fraser Orogen is divided into several tectonic domains on the basis of lithological and geochronological differences. At the northern margin of the orogen is the Northern Foreland, composed of 3.0-2.6 Ga Archaean gneisses and granites of the Yilgarn Craton . The Northern Foreland was reworked during the Albany-Fraser Orogeny (the naming convention for this domain follows that established by Clark et al., 2000 and subsequent authors) (Fitzsimons and Buchan, 2005) . To the south and south-east are the orogen-parallel, faultbound Biranup, Nornalup and Fraser Zones (Fig. 1) . The Paleoproterozoic Biranup Zone is dominated by ca 1815-1625 Ma orthogneisses; the Nornalup Zone also contains a less voluminous, poorly exposed Paleoproterozoic basement component of similar composition and age, but is largely composed of syn-orogenic, granitic intrusions (Spaggiari et al., 2014) . The Biranup and Nornalup Zones are allochthonous to the Yilgarn Craton, and are considered to have formed along its southern and southeastern margin during the Paleoproterozoic, possibly in an arc to back-arc setting (Kirkland et al., 2011b; Spaggiari et al., 2011) . The Fraser Zone is composed of voluminous granitic and mafic magmatic intrusions emplaced at mid-to lower-crustal levels during Stage I of the Albany-Fraser Orogeny (Clark et al., 2013; Kirkland et al., 2011a,b) .
Three basins are inferred from the sedimentary record of the Albany-Fraser Orogen: the ca 1815-1600 Ma Barren Basin, the ca 1600-1305 Ma Arid Basin, and the ca 1280-1200 Ma Ragged Basin (Spaggiari et al., 2014) . In the western part of the Albany-Fraser Orogen, the Stirling Range Formation and Mount Barren Group are part of the Barren Basin, and were deposited onto a Northern Foreland substrate (Spaggiari et al., 2014) (Fig. 1). 
The Albany-Fraser Orogeny
Stage I of the Albany-Fraser Orogeny (1350-1260 Ma) was marked by northwest-directed shortening and deformation at amphibolite to granulite facies conditions, accompanied by the emplacement of the granitic Recherche Supersuite. This was followed by a period of tectonic quiescence, during which sediments of the ca 1280-1200 Ma Ragged Basin were deposited onto exhumed granite of the Recherche Supersuite in the eastern part of the Nornalup Zone (Spaggiari et al., 2014) .
Stage II orogenesis (1210-1140 Ma) resulted in high-grade metamorphism across the Albany-Fraser Orogen. In the Northern Foreland, the intensity of deformation increases towards the Kirkland et al. (2011a) and Spaggiari et al. (2009). southern and southeastern margins (Beeson et al., 1988) and the eastern Munglinup Gneiss was metamorphosed at upper amphibolite to granulite facies at ca 1190 Ma . The Mount Barren Group, deposited onto Northern Foreland basement and adjacent to the contact with the Biranup Zone, records peak metamorphism at 560-675 • C and 7-12 kbar at ca 1205 Ma (Dawson et al., 2003; Wetherley, 1998) . Granulite facies deformation in the Biranup Zone (700-900 • C, 5-10 kbar) was continuous throughout Stage II, with U-Pb zircon ages recording ca 1225-1150 Ma metamorphic zircon growth and pegmatite crystallisation (Barquero-Molina, 2010; Black et al., 1992; Bodorkos and Clark, 2004a,b; Nelson, 1995a,b; Spaggiari et al., 2009 ). U-Pb ages of metamorphic zircon growth in the Nornalup Zone record ca 1215-1155 Ma metamorphism, migmatisation and shearing at amphibolite to granulite facies (Adams, 2012; Clark, 1995; Clark et al., 2000) . Metamorphic conditions are constrained to 500-600 • C, 4-5 kbar in the Mount Ragged Formation (Clark et al., 2000) . These data suggest that high grade metamorphism in the Albany-Fraser Orogen lasted ca 75 Ma (e.g. Barquero-Molina, 2010; Bodorkos and Clark, 2004b; Clark et al., 2000) .
Regional high-temperature Stage II metamorphism was accompanied by a complex sequence of folding, ductile shearing and thrusting throughout the Albany-Fraser Orogen, summarised briefly here. In the Northern Foreland, both the Stirling Range Formation and the Mount Barren Group experienced significant northwards-directed thrusting during Stage II, although these events have not been directly dated (Dawson et al., 2003; Kirkland et al., 2011a; Wetherley, 1998) . Ductile shearing related to oblique compression occurred at ca 1168 Ma and 1187-1150 Ma in the eastern and western Biranup Zone respectively, as recorded by the U-Pb zircon crystallisation ages of synkinematic pegmatites and anatectic melts (Bodorkos and Clark, 2004b; Spaggiari et al., 2009 ). In the Nornalup Zone, Stage II deformation was accompanied by voluminous granitic magmatism, although the lack of geochemical data means that the tectonic setting of this magmatism is unconstrained. The Burnside Batholith was emplaced from 1190 to 1170 Ma in the western Nornalup Zone (Black et al., 1992; Fitzsimons and Buchan, 2005; Pidgeon, 1990) , and the Esperance Supersuite was emplaced from 1200 to 1140 Ma in the east Spaggiari et al., 2011) . The end of Stage II orogeny is defined by the cessation of Esperance Supersuite magmatism (Clark et al., 2000) .
Previous thermochronology
The cooling and exhumation of the Albany-Fraser Orogen have not previously been studied in detail. Fletcher et al. (1991) calculated a biotite whole-rock Rb-Sr isochron of 1268 ± 20 Ma from the Fraser Zone. This suggests the Fraser Zone was exhumed from peak metamorphic conditions (ca 850 • C, 7-9 kbar at ca 1290 Ma) to the Rb-Sr biotite closure temperature of ca 400 • C at the end of Stage I (Clark et al., 2013) . This thermal history contrasts with the adjacent Nornalup and Biranup Zones, which were deformed during both Stage I and Stage II (Oorschot, 2011) . The reason for this is not well understood, although a tectonic model has been proposed for the exhumation of the Fraser Zone by extrusion to the southwest . Stephenson et al. (1977) obtained hornblende K-Ar cooling ages between 1160 and 1060 Ma from amphibolites and low-grade granulites in the western AlbanyFraser Orogen, which they interpreted as prograde mineral growth recording the age of late-orogenic uplift and cooling. These data were collected prior to routine use of the 40 Ar/ 39 Ar step-heating technique, which allows for the recognition of radiogenic argon loss, the effect of alteration, or the presence of excess 40 Ar* in a mineral, and as a result are considered as semi-quantitative constraints for cooling ages only. The 40 Ar/ 39 Ar thermochronology reported in this paper therefore represents the first modern study of orogenic cooling and exhumation in the western Albany-Fraser Orogen.
Research methods
Sample collection
The primary aim during sample collection was to ensure representative lithologies and geographical spread across the different domains of the western Albany-Fraser Orogen. Nineteen samples were collected from a 360 km transect across the Northern Foreland, Nornalup and Biranup Zones (Fig. 1) . From these samples, 22 individual crystals (16 biotite, 4 muscovite and 2 hornblende) were analysed using 40 Ar/ 39 Ar thermochronology. Sample lithologies are summarised in Table 1 , and sample locations and detailed petrography are described in Appendix A.1.
Analytical methods
Samples were crushed and sieved to separate the 125-250 m fraction, which was washed in acetone and deionised water to remove dust. Optically unaltered 125-250 m grains of biotite (16 samples), muscovite (4 samples) and hornblende (2 samples) were separated by hand-picking under a binocular microscope.
Samples were loaded into 22 large wells of an aluminium disc measuring 1.9 cm in diameter and 0.3 cm in depth. These wells were bracketed by small wells containing Fish Canyon sanidine (FCs), used as a neutron flux monitor. The FCs has an age of 28.294 ± 0.037 Ma (1) (Renne et al., 2010) . The mean J-value (irradiation parameter) computed from the standard FCs grains within the small pits is 0.00903 ± 0.00002 (0.22%), calculated as the average and standard deviation of J-values of the standard FCs grains within each irradiation disc. An automated air pipette was used to monitor mass discrimination, which had a mean value of 1.00 ± 0.34 per Dalton (atomic mass unit) relative to an air ratio of 298.56 ± 0.31 (Lee et al., 2006) . The correction factors for interfering isotopes were: ( 39 Ar/ 37 Ar) Ca = 7.60 × 10 −4 (±7%); ( 36 Ar/ 37 Ar) Ca = 2.81 × 10 −4 (±3%); and ( 40 Ar/ 39 Ar) K = 6.76 × 10 −4 (±10%).
The 40 Ar/ 39 Ar analyses were performed at the Western Australian Argon Isotope Facility at Curtin University. The methodology for these analyses is outlined in detail in Appendix A.2. Appendix A.3 contains Ar isotope data corrected for blank, mass discrimination and radioactive decay, with individual errors given at the 2 level.
In this study, the criteria for the determination of an age plateau are as follows: plateaus must include at least 70% of the total measured 39 Ar, and they should be distributed over at least three consecutive steps that agree at a 95% confidence level and satisfy a probability of fit (P) of at least 0.05. Plateau ages are given at the 2 level, and are calculated using the mean of all plateau steps, weighted by the inverse variance of their individual analytical error. Mini-plateaus are defined similarly, but include 50-70% of the total 39 Ar. Mini-plateau ages are less robust than plateau ages. All sources of uncertainty are included in the calculations.
40 Ar/ 39 Ar thermochronology results
Nornalup Zone
One hornblende and five biotite grains from the Nornalup Zone produced robust 40 Ar/ 39 Ar cooling ages (Table 1 ). The hornblende from orthogneiss AF02-1 produced a flat step-heating spectrum with a cooling age of 1169 ± 7 Ma (Fig. 2) . Four biotite grains (orthogneisses AF02-1, AF02-2 and AF03, and metagranite AF06) produced weighted plateau ages ranging from 1168 ± 5 Ma to 1144 ± 5 Ma, with no apparent geographical trend in cooling ages (Figs. 1 and 2). Biotite from metagranite AF01 records a much younger plateau age of 1092 ± 4 Ma ( Table 1) .
The remaining seven biotite grains analysed from the Nornalup Zone (AF04-1, AF04-2, AF05, AF08A-D) did not produce statistically robust plateau ages (Table 1) . Samples AF05 (Elephant Rocks), AF08 C and AF08D (Peaceful Bay) provide minimum cooling ages of ≥970 Ma, ≥1140 Ma and ≥980 Ma respectively (Fig. 2) . These minimum cooling ages are significantly younger than the statistically robust biotite cooling ages from the Nornalup Zone, excluding metagranite AF01. The spatial proximity of Elephant Rocks and Peaceful Bay suggests a local thermal event may have caused a loss of radiogenic 40 Ar, resulting in the absence of a plateau age in the five samples collected at these sites ( Fig. 1 ).
Biranup Zone
The hornblende and three biotite grains from the Biranup Zone all produced simple, flat step-heating spectra and yielded statistically robust plateau ages (Table 1 and Fig. 2 ). The hornblende from granulite BREM-6 yielded a cooling age of 1169 ± 6 Ma, and the biotite cooling age from the same sample is 1159 ± 5 Ma. Sample BREM-10, located 0.2 km to the SE, records a biotite cooling age of 1166 ± 8 Ma, and sample BREM-2 records a similar biotite cooling age of 1172 ± 7. These ages are similar to the hornblende and biotite cooling ages from the Nornalup Zone (Table 1) .
Northern Foreland
The four muscovite grains analysed from the Northern Foreland (schists AF01-SCH and BREM-SA, and orthogneisses 2MB-01 and 2MB-02) give statistically indistinguishable cooling ages ranging from 1164 ± 5 Ma to 1157 ± 6 Ma, with a weighted mean age of 1159 ± 6 Ma (P = 0.10) ( Table 1 and Fig. 2) .
A biotite grain from schist AF01-SCH produced a mini-plateau (54% of 39 Ar) , giving a minimum age of ≥1191 Ma (Table 1 and Fig. 2 ). As the conditions defining a mini-plateau are barely met (50-70% of the 39 Ar released), and considering that mini-plateau ages can be inaccurate (as opposed to plateau ages), this age is not as robust as the other biotite ages. Additionally, the age of this biotite is ca 35 Ma older than muscovite from the same sample, despite the lower closure temperature of biotite (Harrison et al., 1985 (Harrison et al., , 2009 . Therefore, the preferred explanation is 40 Ar enrichment in the biotite grain, and no geological significance is attached to its apparent age. 40 Ar/ 39 Ar analyses record the last time a rock cooled through the mineral-specific closure temperature for argon diffusion, and may be calculated by iterating Eq. (1) (Dodson, 1973) : Fig. 2 . 40 Ar/ 39 Ar apparent age spectra, where individual steps are graphed against cumulative percentage of 39 Ar released. Uncertainties are given at 2 for plateau (>70% 39 Ar released) ages. The MSWD and probability (P) are given for plateau and mini-plateau ages. Two hornblende grains (A, N), eight biotite grains (B, C, D, E, I, O, P, Q) and four muscovite grains (S, T, U, V) yielded statistically robust age plateaus (>70% of 39 Ar released). R: One biotite from the Northern Foreland yielded a mini-plateau (>50% of 39 Ar released). F, G, H, J, K, L, M: Seven biotite samples from the Nornalup Zone yielded no age plateau. Thermochronological data tables are available in Appendix A.3. In Eq. (1), E is the activation energy, R is the gas constant, T c is the closure temperature, A is the volume constant, T c0 is the initial estimate of closure temperature, D 0 is the diffusion coefficient, dT /dt is the cooling rate and a is the grainsize. Eq. (1) was used to calculate closure temperatures (T c ) for those hornblende, muscovite and biotite grains that produced statistically robust 40 Ar/ 39 Ar age plateaus. Three iterations of the equation were sufficient to calculate the closure temperature (results in Table 2 ; see Table D .1 (in Appendix A.4) for the input values). Initial closure temperature estimates (T c0 ) were 300 • C for biotite (Harrison et al., 1985) , 425 • C for muscovite (Harrison et al., 2009 ) and 550 • C for hornblende (Harrison, 1981) . Grainsize (a) was measured at the time of 40 Ar/ 39 Ar analysis. Values for the activation energy (E), diffusion coefficient (D 0 ) and volume constant (A) for biotite were taken from Grove and Harrison (1996) , as biotites analysed in this study have similar Fe/Mg ratios (X annite = 0.6-0.8 for this study, compared to X annite = 0.54-0.71). Values for the activation energy (E), diffusion coefficient (D 0 ) and volume constant (A) were taken from Harrison (1981) for hornblende and Harrison et al. (2009) for muscovite. Individual cooling rates (dT/dt) were mostly calculated using peak Stage II metamorphic conditions (see Table D .2 in Appendix A.4). The ages of metamorphism are taken from U-Pb ages of zircon and monazite growth; although mineral growth ages may not truly represent the duration of metamorphism, they are the only available constraints at present. The exceptions are biotite grains AF01, AF02-1, BREM-6 and BREM-10, as these four biotites are from field sites also containing a hornblende cooling age (Table 1) . The temperature-time (T-t) pair provided by the hornblende cooling age and closure temperature is used to calculate the mineralto-mineral cooling path, i.e. for cooling between hornblende and biotite closure temperatures.
Calculation of closure temperatures and cooling rates
The precise values of E, D 0 and dT/dt are uncertain; E and D 0 are experimentally determined parameters, and dT/dt is calculated from SHRIMP U/Pb and 40 Ar/ 39 Ar ages which are typically reported with an associated error of ±1-2. A further source of uncertainty comes from the co-dependence of closure temperature and cooling rate (Eq. (1)): a mineral's T c depends on dT/dt, but calculation of dT/dt is dependent on T c . Upon repeated iterations of Eq. (1), T c and dT/dt converge to a mean, although the geological significance of the result depends on the initial estimates of these two variables. In order to include all sources of uncertainty in the calculation of closure temperatures and cooling rates, but also minimise error correlations in the results and obtain a realistic final uncertainty, we carried out a Monte Carlo simulation. A Monte Carlo simulation performs a calculation by assigning a random number for uncertain variables, with random numbers set between boundaries given by the known uncertainty distribution of the variable. By repeating the calculation many times, a probability distribution of the most likely results is generated (Fig. 3) . The Monte Carlo simulation was performed using 20,000 trials, using the Microsoft Excel Forbes et al., 2012; Grove and Harrison, 1996; Harrison, 1981; Harrison et al., 2009; Ueda et al., 2012) . However, the values calculated here take into account the range of possible values and distribution of each parameter, rather than simply taking the average of each of these values; therefore, these are considered good estimates of the true closure temperatures for these particular samples, within error.
Histograms showing the distribution of cooling rates from the Monte Carlo simulations for biotites AF02-1 and BREM-6 are shown in Fig. 3 . The strongly right-tailed skew of the histogram is due to the large range of mathematically calculated cooling rates, and is typical of the results from all Monte Carlo simulations (see Fig. D .2 in Appendix A.4). The outliers with extremely high values greatly increase the mean and the standard deviation of the distribution to unrealistically high values. The median is a better measure of the central tendency of a skewed population, and the lower and upper quartiles (Q 1 and Q 3 ) are a more robust measure of scale than the standard deviation. The median cooling rate of each population is reported in Table 2 , with lower and upper quartiles
Discussion
Cooling and exhumation of the western Albany-Fraser Orogen
Two hornblende, eight biotite and four muscovite grains yielded statistically robust age plateaus (>70% of 39 Ar released); plateaus are generally flat and low in complexity (Fig. 2) . One biotite from the Northern Foreland yielded a mini-plateau (50-70% of 39 Ar released), and seven biotite samples from the Nornalup Zone yielded no age plateaus (Fig. 2) . Results are summarised in Table 1 , with all ages reported at the 2 uncertainty level.
One biotite grain from the Nornalup Zone (AF01) yielded a plateau age that is a significant outlier to the main population of biotite cooling ages (Table 1) . 40 Ar loss and age resetting due to a local heating event is considered unlikely, as sample AF02-1 was collected at the same field site and records an older biotite cooling age compatible with the other results. Two possible explanations are considered: (a) sample AF01 may belong to a currently undescribed granitic intrusion which post-dates the cooling of the Nornalup Zone, or (b) the two samples from Ledge Beach are separated by a later structure which was not identified at the outcrop. In the absence of supporting evidence or similar results, this outlier is treated as such, and is excluded from further discussion.
Cooling of the Nornalup and Biranup Zones
The short gap between the time of peak Stage II metamorphism (amphibolite to granulite facies at ca 1225-1150 Ma, from metamorphic zircon growth) and the cooling ages obtained by 40 Ar/ 39 Ar thermochronology is evidence for fast cooling in the Nornalup and Biranup Zones over this temperature interval (Fig. 4) . Specifically, the available data suggest that the Nornalup Zone was at upper amphibolite facies conditions at ca 1169 Ma, and the Biranup Zone was at granulite facies conditions at ca 1178 Ma (Spaggiari et al., 2009 . The hornblende 40 Ar/ 39 Ar cooling ages from the Nornalup and Biranup Zones are indistinguishable, recording cooling through the closure temperature of ca 585 ± 50 • C at ca 1169 Ma (Fig. 4) . Similarly, the main population of biotite 40 Ar/ 39 Ar cooling ages from the Nornalup Zone overlaps (within uncertainty) with 40 Ar/ 39 Ar cooling ages. The shaded boxes represent the conditions of peak Stage II metamorphism in each domain, using a combination of published metamorphic data and mineral crystallisation ages (see Table D .2 in Appendix A.4). Only the youngest syn-metamorphic mineral crystallisation ages are plotted, as the cooling rate is calculated from the youngest time of peak metamorphism. Data from samples AF02-1 in the Nornalup Zone and BREM-6 in the Biranup Zone is labelled; these samples produced both hornblende and biotite cooling ages, and therefore provide the best-constrained post-peak cooling paths. the biotite cooling ages from the Biranup Zone, and records cooling through the closure temperature of ca 365 ± 35 • C at 1172-1144 Ma (Fig. 4) . The similarity in both hornblende and biotite cooling ages in the Nornalup and Biranup Zones implies that despite their different high-temperature metamorphic histories, these two domains were structurally juxtaposed by ca 1169 Ma, and shared a common cooling history after this time.
Both the Nornalup and Biranup Zones exhibit a large range in cooling rates, calculated for cooling from peak metamorphism at amphibolite to granulite facies to biotite closure temperatures at ca 365 ± 35 • C. Cooling rates vary between 10-60 • C/Ma in the Nornalup Zone (Table 2) . These results imply fast cooling across the Nornalup Zone, and the apparent lack of a geographical trend in cooling rates suggests it acted as a largely coherent block during exhumation. In the Biranup Zone, calculated cooling rates show a similar spread over 20-70 • C/Ma (Table 2 ). Samples AF02-1 (Nornalup Zone) and BREM-6 (Biranup Zone) each yielded two well-defined temperature-time (T-t) pairs, from hornblende and biotite thermochronology. As there can be no doubt that the samples in question passed through both sets of T-t conditions, these data provide the best constraints in the present data set for cooling rates in these two domains. In the Nornalup Zone, sample AF02-1 records cooling between hornblende closure (594 ± 58 • C) and biotite closure (367 ± 36 • C) at a median rate of 33 +17 −9
• C/Ma (Table 2 and Fig. 3 ). In the Biranup Zone, sample BREM-6 records cooling between hornblende closure (576 ± 48 • C) and biotite closure (363 ± 30 • C) at a median rate of 22
• C/Ma (Table 2 and Fig. 3 ).
The overall similarity of the timing and rate of cooling in the two domains, when uncertainties are considered, suggests they may have been exhumed by similar mechanisms.
Cooling of the Northern Foreland
The Northern Foreland was metamorphosed to high grades during early Stage II of the Albany-Fraser Orogeny, with the overlying Mount Barren Group attaining Barrovian staurolite zone conditions at ca 1205 Ma and the Munglinup Gneiss undergoing migmatisation at upper amphibolite facies at ca 1195 Ma (Wetherley, 1998; Dawson et al., 2003; Spaggiari et al., 2011) . The four muscovite 40 Ar/ 39 Ar cooling ages from the Northern Foreland are statistically indistinguishable, with a weighted mean of 1159 ± 6 Ma, and record cooling from peak amphibolite facies conditions through the muscovite closure temperature of ca 425 ± 70 • C (Fig. 4) . Median cooling rates in the Northern Foreland are ca 4.5 • C/Ma in the Mount Barren Group and ca 7.4 • C/Ma in the Munglinup Gneiss, only 16 km to the east ( Fig. 1 and Table 2 ). It should be noted that the assumed T-t of peak metamorphism in the Munglinup Gneiss is based upon zircon growth ages from Quagi Beach and Powell Point, ca 115 km to the east of the samples analysed here; unfortunately, there are currently no U-Pb data from closer to our Munglinup Gneiss samples (Table D. 2 in Appendix A.4; Spaggiari et al., 2011) . It is uncertain how applicable these metamorphic data are to the Munglinup Gneiss samples analysed here, due to the lateral extent of the region classified as Munglinup Gneiss; however, no other T-t data exist for this unit. Therefore, we interpret the Munglinup Gneiss cooling rates calculated here as approximations. In any case, the variation in cooling rates between the two units suggests that the boundary between them, the Jerdacuttup Fault, played a role in their differential exhumation histories. However, there is no difference in muscovite cooling ages between the Munglinup Gneiss and the Mount Barren Group, suggesting that movement across the Jerdacuttup Fault had ceased by ca 1159 Ma.
Exhumation of the western Albany-Fraser Orogen
The Nornalup and Biranup Zones were cooled from peak Stage II metamorphic conditions (ca 600-800 • C) to ca 365 ± 35 • C between ca 1175 Ma and 1159 Ma, at median rates of ca 33 +17 −9
• C/Ma respectively; the Northern Foreland was cooled from ca 620-700 • C to ca 425 ± 70 • C between ca 1200 Ma and 1159 Ma, at rates of 4.5-7.4 • C/Ma. These ages fall within the commonly reported duration of Stage II of the Albany-Fraser Orogeny, 1215-1140 Ma (e.g. Clark et al., 2000; Kirkland et al., 2011a; Spaggiari et al., 2011) . Fig. 5 is a compilation of published Stage II geochronological data from the western and central Albany-Fraser Orogen. The data include both magmatic and metamorphic ages, and where dated, the ages of specific deformational events. In the Nornalup and Biranup Zones, magmatism, metamorphism and dextral transpression related to NW-SE compression were widespread in the period ca 1190-1170 Ma. The 40 Ar/ 39 Ar cooling ages from this study are synchronous (within uncertainties) to the peak deformation ages from these domains (Fig. 5) , indicating extensive syn-to lateorogenic cooling and exhumation in an actively deforming tectonic environment.
This fast cooling in an actively deforming tectonic setting requires a similarly fast, syn-tectonic exhumation mechanism. Evidence for shearing, faulting and folding associated with transpressional deformation is widespread in the Nornalup and Biranup Zones during this period (Fig. 5) . Transpression plays an important role in the deformation of the western Albany-Fraser Orogen, due to the manner in which compressional stresses are interpreted to have been resolved along the curved orogen (Bodorkos and Clark, 2004b) . The extensive transpressional history of the western Albany-Fraser Orogen has been described in several structural studies (e.g. Barquero-Molina, 2010; Beeson et al., 1988; Black et al., 1992; Bodorkos and Clark, 2004b; Duebendorfer, 2002; Wetherley, 1998) , and many of the available geochronological data fall within the period ca 1190-1170 Ma (Fig. 5) . Therefore, we suggest that the fast, syn-orogenic exhumation of the Nornalup and Biranup Zones may have been driven by widespread transpressional deformation.
Numerical modelling suggests that transpressional zones between two colliding blocks may experience very fast exhumation rates of lower-crustal rocks, as transpressional structures are often nearly vertical and are interpreted to extend to deep crustal levels (Fossen and Tikoff, 1998) . The compressional component of the transpressional forces is then inferred to use these structures as conduits to exhume rocks from deep to shallow settings (Fossen and Tikoff, 1998 ). An example is the Southern Alps of New Zealand, which record the ongoing oblique collision of the Pacific and Australian plates. Cretaceous high-pressure granulites were exhumed by Late Tertiary transpressional structures in the Fiordland Terrane of the Southern Alps (Claypool et al., 2002) , and Cenozoic exhumation rates as high as 95 • C/Ma have been recorded along the transpressive Alpine Fault (Batt et al., 2000) . Another transpressional structure recording fast uplift is the King Range, a restraining bend in the San Andreas Fault, which records Quaternary exhumation rates of ca 90 • C/Ma (Dumitru, 1991) . Granulite facies rocks in the Musgrave Province of central Australia were exhumed in the Cambrian in a positive flower structure, with cooling rates of ca 10-12 • C/Ma (Camacho and McDougall, 2000) . These examples of fast transpressional exhumation of lower crustal rocks support the inferred transpressional setting of the western Albany-Fraser Orogen.
Regardless of the exhumation mechanism, the uniformity of hornblende and biotite cooling ages suggests that relative motion between the Nornalup and Biranup Zones had ceased by ca 1169 Ma. This implies a decline in the role of tectonically-driven exhumation processes (i.e. thrusting or shearing, which offset adjacent terranes), and the increasing role of passive isostasy-driven exhumation processes such as erosion after 1169 Ma. This model of exhumation driven first by transpression, then by the erosion of the uplifted region and associated quick cooling, is presented as a schematic tectonic model in Fig. 6 .
In the Northern Foreland, peak deformation is recorded by metamorphic zircon growth and is post-dated by the 40 Ar/ 39 Ar muscovite cooling ages (Fig. 5) . The paucity of geochronological and structural data from the Northern Foreland hinders interpretation of an exhumation mechanism for this domain. However, muscovite cooling ages of ca 1159 ± 6 Ma in the Northern Foreland overlap with biotite cooling ages of ca 1175-1144 Ma in the Nornalup and Biranup Zones. Based on calculated muscovite closure temperatures of ca 425 ± 70 • C and biotite closure temperatures of ca 365 ± 35 • C, differential cooling and exhumation of domains in the western Albany-Fraser Orogen after ca 1159 Ma was restricted to less than ca 110 • C cooling of the Northern Foreland relative to the Nornalup and Biranup Zones. This inferred small temperature difference, together with the similarity of muscovite cooling ages in the Northern Foreland to biotite cooling ages in the Nornalup and Biranup Zones, suggests that all three domains attained similar crustal levels at similar times. Therefore, we interpret that the same tectonically-driven processes responsible for the fast exhumation of the Nornalup and Biranup Zones close to the centre of the orogen, also contributed to the exhumation of the Northern Foreland along the margin of the Yilgarn Craton (Fig. 6) .
The relatively slower cooling rates in the Northern Foreland reflect the older ages for Stage II deformation in this domain, leading to a larger gap between metamorphic ages and cooling ages. Slower cooling may also reflect slower exhumation rates, due to a diminished magnitude of tectonically-driven exhumation processes at the northern margin of the orogen; i.e. a diminished magnitude of exhumation starting at shallower crustal levels than in the Nornalup and Biranup Zones. The Northern Foreland was exhumed comparatively slowly along the margin of the Yilgarn Craton, whilst the Nornalup and Biranup Zones, closer to the centre of the orogen, were exhumed more quickly (Fig. 6) .
Although the cooling and exhumation of the western AlbanyFraser Orogen is synchronous with widespread Stage II tectonic activity in this part of the orogen, the data discussed here are insufficient to extrapolate the syn-to late-orogenic cooling and exhumation history to the eastern part of the orogen. The eastern Albany-Fraser Orogen is likely to have experienced a more complex cooling and exhumation history; crucially, the role of the Fraser Zone during Stage II is poorly understood, as it was exhumed to shallow crustal levels following Stage I tectonic activity (Fletcher et al., 1991; Kirkland et al., 2011a; Oorschot, 2011; Clark et al., 2013) .
Comparison with the global record of orogenic cooling
The new results presented in this paper show that the western Albany-Fraser Orogen preserves a history of fast cooling. To better understand this cooling history, we integrate it with the existing global record of orogenic cooling. A compilation of published cooling rates from orogens ranging in age from the Paleoproterozoic to the present is listed in Table 3 , and graphed in Fig. 7 .
Any discussion of cooling rates must examine the role of controlling variables such as exhumation mechanism and tectonic setting. Cooling rates vary between tectonic settings (Fig. 7) and may also vary within an orogen; for example, cooling in intracontinental orogens is typically slow and regionally uniform (e.g. 4 • C/Ma, Mt. Isa Province, northeast Australia; Spikings et al., 2002) . Fast cooling in actively deforming terranes is often linked to uplift driven by faulting or shearing, which may occur in compressional (e.g. 150 • C/Ma, Kongur Shan, Eastern Pamir, China; Arnaud et al., 1993) , transpressional (e.g. 95 • C/Ma, Southern Alps, New Zealand; Batt et al., 2000) Table 3 Compilation of orogenic cooling rates through geological history. Orogens are categorised by tectonic style. This data is also presented in Fig. 7 Vanderhaeghe et al., 2003) .
As the Albany-Fraser Orogen is interpreted as a product of continental collision, we will focus on exhumation and cooling in collisional tectonic settings. Collisional orogens are subdivided into small cold orogens (SCO), transitional orogens (TO) or large hot orogens (LHO) according to the temperature-magnitude classification scheme of Beaumont et al. (2006) (Fig. 7, Table 3 ). This classification scheme proposes that orogens evolve along a continuum between the endmember SCOs and LHOs. SCOs are characterised by limited crustal thickening and heating, and little to no ductile deformation; as the orogen continues to grow in magnitude through terrane accretion or crustal thickening, it may eventually transition into an LHO, where prolonged crustal heating results in the development of a central elevated plateau above a weak lower crust (Jamieson and Beaumont, 2013) . LHOs commonly undergo syn-to post-orogenic collapse, which is a slow process driven by the gravitational instability of the hot, thickened, melt-weakened lower crust underneath the plateau (Jamieson and Beaumont, 2013) . As SCOs are colder and rheologically stronger, they do not undergo orogenic collapse; instead, erosion is the dominant exhumation mechanism (Jamieson and Beaumont, 2013) . A common feature of SCOs is the exhumation of deep crustal material along shear zones; bringing this hot material to the surface results in rapid, late-stage cooling.
Cooling rates may vary even within the same tectonic setting, as is evident when comparing cooling histories amongst Mesoproterozoic collisional orogens (Fig. 7) . The Mazinaw, Muskoka and Natashquan Domains of the Grenville Orogen (an LHO) were exhumed following orogenic collapse, and typically experienced cooling from peak metamorphic temperatures at rates of 1-5 • C/Ma (Fig. 7 and Table 3 ). Faster 11 • C/Ma cooling in the Grenville Front Tectonic Zone is a result of thrusting at the orogenic margin during late Rigolet metamorphism, rather than orogenic collapse of the plateau, reflecting the heterogeneity of exhumation processes across the orogen (Rivers, 2008) . In the Sveconorwegian Orogen (traditionally a collisional orogen, but recently suggested as accretionary; Slagstad et al., 2013) , fast 15 • C/Ma cooling in Southern Rogaland-Vest Agder follows magmatic intrusion and post-orogenic extension, and 6-15 • C/Ma cooling from 500 to 350 • C in the Mylonite Zone is driven by extensional shearing (Bingen et al., 1998; Page et al., 1996) . The Bamble Terrane of the Sveconorwegian Orogen also records a period of slightly faster 3-8 • C/Ma cooling from ca 725 to 550 • C following accretionary orogenesis (Bingen et al., 2008) .
In contrast, after high-grade Stage II metamorphism, the Nornalup and Biranup Zones cooled at rates of ca 33 +17 −9
• C/Ma and 22 +7 −5
• C/Ma respectively, significantly faster than in any other Mesoproterozoic orogen (Fig. 7) . The Northern Foreland cooled more slowly at 4.5-7.4 • C/Ma, although this is still faster than cooling in many domains of other Mesoproterozoic orogens (Fig. 7) . Exhumation in the western part of the Albany-Fraser Orogen was driven by syn-orogenic transpressional processes, rather than postorogenic extension or erosion. This exhumation and cooling history fits with an inferred SCO or TO classification for the western part of the orogen. However, regardless of any considerations of tectonic setting, the western Albany-Fraser Orogen preserves an unusually fast cooling history when compared to other Mesoproterozoic orogens.
The cooling history of the Albany-Fraser Orogen stands in contrast to the correlation between increasing cooling rate and decreasing orogenic age. Independent of tectonic setting, cooling in Proterozoic orogens is mostly between 0.5 and 5 • C/Ma, but may be an order of magnitude faster in Phanerozoic orogens ( Fig. 7 ; Dunlap, 2000; Willigers et al., 2002) . Several factors are considered to contribute to the apparent increase in cooling rates in more recent time. Deep erosion in older orogens may contribute to a form of sample bias, as many Proterozoic orogens expose rocks that were at a deep crustal level during orogeny (Willigers et al., 2002) . These terranes do not reach isotopic closure until the postorogenic phase, by which time exhumation is controlled by slow, post-orogenic processes (Willigers et al., 2002) . These long isothermal periods, common in Proterozoic orogens, also lead to partial isotopic resetting of thermochronomoters once below their closure temperatures (Dunlap, 2000) . However, these explanations rely on an assumption of fundamentally unchanged orogenic processes Fig. 7 . Cooling rates from several orogens around the world are plotted against the age of orogeny. Cooling rates are plotted on a logarithmic axis. The age value is the midpoint of the cooling event. Cooling rates are categorised by tectonic setting; the Albany-Fraser Orogen cooled much more quickly than is typical for a Mesoproterozoic orogen. Cooling rates are sourced from the following references: Andersen et al. (1991) , Arnaud et al. (1993) , Attoh et al. (1997) , Barnicoat et al. (1995) , Batt et al. (2000 Batt et al. ( , 2004 , Bingen et al. (1998 Bingen et al. ( , 2008 , Bodorkos and Reddy (2004) , Busch et al. (1996) , Camacho and McDougall (2000) , Corrigan et al. (1998) , Costa et al. (1993) , Cosca et al. (1998) , Crowe et al. (2001) , Dahl et al. (1999) , Dahl et al. (2004) , Dunlap and Teyssier (1995) , Flowers et al. (2005) , Forbes et al. (2012) , Foster et al. (1990) , Foster et al. (1992) , George et al. (1995) , Jacobs et al. (1997) , Jacobs and Thomas (2001) , Krogstad and Walker (1994) , Krol et al. (1996) , Lee (1995) , Liu et al. (2000) , Mclaren et al. (1999) , Mclaren et al. (2002) , Mezger et al. (1990) , Mezger et al. (1991) , Möller et al. (2000) , Monie et al. (1997) , Ortega-Rivera et al. (1997) , Page et al. (1996) Zeck et al. (1992) , and Zeitler (1985) . (Willigers et al., 2002) . This assumption needs to be re-evaluated in light of evidence suggesting a secular change in orogenic processes through time, related to the cooling of the Earth (Brown, 2007) . For example, many Precambrian orogens were anomalously hot when compared to modern Phanerozoic orogens (Chardon et al., 2009; Moecher et al., 2014) . There is considerable recent evidence that orogeny and deformation in a hot lithosphere is fundamentally different to that in a cold lithosphere (e.g. Cagnard et al., 2006; Chardon et al., 2009; Collins, 2002; McLaren et al., 2005) . If colder orogens are more likely to preserve fast cooling rates (e.g. Jamieson and Beaumont, 2013) , the abundance of different orogenic styles at different times may also contribute to the apparent decrease of cooling rate with increasing orogenic age.
Cooling in the western Albany-Fraser Orogen is unusually fast compared to other Mesoproterozoic orogens, but is not unusual when compared to Phanerozoic orogens. This suggests that the Albany-Fraser Orogeny may belong to a tectonic regime that is underrepresented in the Mesoproterozoic cooling record, but common in the Phanerozoic. This explanation is supported by a transpressional exhumation mechanism for the western part of the Albany-Fraser Orogen. Following Mesoproterozoic cooling and exhumation, the thermochronological record of the Albany-Fraser Orogen was protected by the tectonic quiescence of the orogen, resulting in the preservation of this unusually fast Mesoproterozoic cooling history.
Conclusion
This article reports the first 40 Ar/ 39 Ar thermochronology from the western part of the Albany-Fraser Orogen of Western Australia. The Nornalup and Biranup Zones share a similar cooling history, with hornblende cooling ages at ca 1169 Ma, and biotite cooling ages clustered around ca 1159 Ma. These ages correspond to cooling rates of ca 33 +17 −9
• C/Ma in the Nornalup Zone and ca 22 +7 −5
• C/Ma in the Biranup Zone, for cooling between ca 585-365 • C. The Northern Foreland records muscovite cooling ages at ca 1159 Ma, which constrains cooling to 4.5-7.4 • C/Ma between ca 620-425 • C. All cooling ages from the Albany-Fraser Orogen fall within the duration of Stage II of orogeny (1210 ( -1140 and are interpreted to record syn-to late-orogenic exhumation as a result of orogen-wide tectonic activity. The transpressional tectonic activity commonly associated with deformation in the western Albany-Fraser Orogen may have been an active driver of this fast exhumation.
The fast cooling and syn-orogenic exhumation history of the western Albany-Fraser Orogen sets it apart from other Mesoproterozoic orogens, which typically experienced slow cooling driven by exhumation mechanisms such as orogenic collapse and isostatically-driven erosion. The western Albany-Fraser Orogen is unique for its preservation of the syn-to late-orogenic transpressional exhumation processes occurring in an actively deforming orogen. This is supported by evidence of fast exhumation in other transpressional tectonic settings. The record of syn-orogenic exhumation is eroded or overprinted in other Mesoproterozoic orogens; therefore, the thermochronological record in those orogens only preserves the slower post-orogenic cooling history.
